A brief review of recent investigations in oxide heterostructures is presented. First, experimental results are shown. Positive colossal magnetoresistance with high sensitivities are obtained at low magnetic field (<1000 Oe) nearly at room temperature. Picoseconds photoelectric effects of the rise time ∼ 210 ps and the half-maximum ∼ 650 ps are also found in some oxide heterostructures. Furthermore, resistance switching characteristic and electric displacement-voltage hysteresis loops have been observed in BaTiO 3−δ /Si p-n heterostructures. Second, theoretical descriptions are also shown here. A model for the mechanism causing the positive colossal magnetoresistance has been established. Moreover, the transport properties and the important role played by oxygen vacancies are theoretically investigated in oxide heterostructures. In addition, an extended percolation model is well developed, with which the transport characteristic in oxide thin films can be well simulated based on the phase separation scenario. Notably, the interface effects play a crucial role in the multifunctional properties of the oxide heterostructures.
Introduction
There has been a lot of interest in perovskite oxide heterostructures recently. Many novel phenomena have been reported in the past few years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] For example, it is rather amazing that two insulating oxides can form a superconducting interface layer.
1-3 Particularly, Tanaka et al. reported the electrical modulation of double-exchange ferromagnetism in the La 0.9 Ba 0.1 MnO 3 /Nb-doped SrTiO 3 p-n junction. 5 Unusual positive CMR in p-n junction of La 0.9 Sr 0.1 MnO 3 (LSMO1) and SrNb 0.01 Ti 0.99 O 3 (SNTO) was also studied. 7 Not long ago, Vachhani et al. also showed some interesting results of positive colossal magnetoresistance (CMR) in the La 0.6 Pr 0.2 Sr 0.2 MnO 3 /Nb-SrTiO 3 junction. 8 Moreover, a lot of attention was paid to ultrafast picoseconds photoelectric characteristics of oxide heterostructures. 9 The ferroelectric response of BaTiO 3−δ (BTO) can be enhanced by the interface polarization of the junction. 10 At the same time, theoretical investigation in these systems have also been performed. The mechanism of the positive CMR is well presented.
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Some researchers have shown a method of solving problems about transport in oxide heterostructures, and have proven that the trap energy levels induced by oxygen vacancies at the interface play an important role in transport. 13, 14 In addition, an extended percolation model known as cluster percolation mode has been applied to explain the transport properties in oxide thin films based on the phase separation scenario. 12 In all, all of the issues mentioned above have been studied in structures with the interface. Effects of the interface should play a very important role in the multifunctional properties in the heterostructures and multilayers of perovskite oxide.
In this paper, a brief review of recent results on the perovskite oxide heterostructures is presented. Some experimental results are introduced in Sec. 2. Then, theoretical investigations about interesting experimental phenomena are shown in Sec. 3. Finally, we summarize our results in Sec. 4.
Experimental Results

Unusual positive CMR in oxide heterostructures
With the CMR effect discovered in junctions, scientists have taken great effort in fabricating appropriate structures and studying the physical origins for the characteristics. Magnetoresistance (MR) ratio is defined as ∆R/R 0 = (R H − R 0 )/R 0 , where R H denotes the resistance under an applied magnetic field and R 0 denotes the resistance under a zero field. Some good CMR ratios are reported in magnetic tunnel junctions (MTJ), such as −150% in La 0. 8 4 It is noteworthy that only a few structures exhibit positive CMR properties. And most of them show characteristics at a low temperature or under a large magnetic field. Undoubtedly, they are hardly applied in microelectronic devices. Lately, not only a positive CMR but also a high CMR sensitivity with magnetic field at a high temperature is observed in a series of La 1−x Sr x MnO 3 /SrNbyTi 1−y O 3 heterostructures. 7 The ratios are observed to be as large as 11% in 5 Oe, 23% in 100 Oe, and 26% in 1000 Oe at 290 K; 53% in 5 Oe, 80% in 100 Oe, and 94% in 1000 Oe at 255 K. The CMR sensitivities are 85 Ω/Oe at 290 K, 246 Ω/Oe at 255 K, and 136 Ω/Oe at 190 K, respectively, with the applied magnetic field changed from 0 to 5 Oe.
A computer-controlled laser molecular-beam epitaxy (laser MBE) system was used to fabricate junctions. 18 The details of experiment can be found in Ref. 7 . Transport measurements were carried out by a pulse-modulated current source, with pulse duration 1 s and the pulse interval 10 s. And the measuring current was smaller than 2 mA. All of these are to avoid the influence of the heating effect. The magnetic field was applied perpendicularly to the interface and superconductive CMR variation and CMR ratios versus an applied magnetic fields are shown in Fig. 2 and its inset, 7 respectively. It can be concluded that the CMR sensitivities are rather high around room temperatures and under low magnetic fields. For example, We know that doped LaMnO 3 compounds exhibit negative MR, while SrTiO 3 hardly shows any MR property. Therefore, it is indeed amazing that the junction fabricated by LSMO1 and SNTO has a positive CMR. The physical origin of the positive CMR has been clearly explained by a model, which will be presented in Sec. 3.1.
Ultrafast picoseconds photoelectric effect
Many efforts have been taken to investigate laser induced properties of heterojunctions for many years. 19, 20 A picoseconds photoelectric phenomenon in La 0.7 Sr 0.3 MnO 3 (LSMO3)/Si junction was reported, 9 which gave an impetus to ultrafast photovoltaic researches.
This structure is also fabricated using Laser MBE. Details about junction preparation can be found in Ref. 9 . An X-ray diffraction (XRD) analysis is performed in Fig. 3 , 9 which shows that LSMO3 film is c-axis oriented and grown with a two-dimensional layer-by-layer growth mode. Furthermore, the I-V curve exhibits excellent nonlinear and rectifying characteristics in this system.
The photoelectric behaviors of LSMO3/Si p-n junctions were investigated using a 1064 nm Nd:YAG laser (pulse width 25 ps) as well as a 10.6 mm CO 2 pulse laser and measured by an oscilloscope of 130 ps rise time (Tektronix TDS7254B) at ambient temperature. Figure 4 9 shows a photoelectric response of an open-circuit system. The rise time is about 10 ns and the FWHM is about 12 µs. More excitingly, a picoseconds photoelectric behavior is observed in a system parallel with a 0.2 Ω resistance, shown in Fig. 5 . 9 The rise time dramatically reduces to 210 ps and the FWHM also reduces to 650 ps.
There are two main factors influencing the rise time and FWHM of the photovoltaic effect in Fig. 4 . One is the quality of the interface between two different materials. Many defects can affect the response severely. The other is the junction capacitance in the LSMO3/Si and the impedance of the measurement system. In the present case, the junction capacitance is about 30 pF at 500 MHz for the LSMO3/Si sample of 5 × 6 mm 2 , and the input impedance of the oscilloscope is 1 MΩ. In other words, the discharge time constant is about 30 ms, which is comparable to the FWHM of the photovoltaic pulse in Fig. 4 . Hence, Fig. 5 reveals a more realistic process of photoelectric effects in this system.
The fact that the junction irradiated by a 10.6 µm CO 2 laser pulse, for which the photon energy is much smaller than either of the band gap of the LSMO3 or Si, did not show any photovoltage signal, excludes a thermoelectric effect in evidence. Finally, this feature can be well used in high speed photoelectric devices.
Resistance switching in BTO/Si p-n heterostructure
Recently, the resistive hysteresis effect, which reflects resistance switching under external stimuli, has attracted wide attention due to its potential applications in nonvolatile resistance memory. 21 In previous work, the ferroelectric hysteresis loop was observed in BaNb 0.3 Ti 0.7 O 3 /Si p-n junction. 22 Lately, not only the electric displacement-voltage (D-V ) hysteresis loop but also more interesting hysteresis I-V characteristics have been found in the BTO/Si p-n junction.
BTO thin films were epitaxially grown on p-type Si substrates under a low oxygen pressure. The resistance switching characteristic was observed in BTO/Si p-n junctions. As shown in can be clearly seen that the junction exhibits a low resistance state when sweeping voltage from 0 to + 6 V, and exhibits a high resistance state when sweeping voltage from + 6 to 0 V. Hysteresis I-V characteristics for different V max are also measured. As shown in the inset of Fig. 6 , all the I-V curves exhibit similar hysteresis properties. The polarization related resistance modulation is usually observed in some ferroelectric films and heterostructures. 23, 24 The D-V loops of the BTO/Si p-n junction with different applied voltages are measured, as shown in Fig. 7(a) . 10 It can be seen that the area of the hysteresis loops become greater under larger applied voltages. This verifies that the resistance switching is related to ferroelectric response. To prove whether the D-V hysteresis loops resulted from BTO thin film, BTO thin film on SrRuO 3 /SrTiO 3 (SRO/STO) substrate under the same deposition conditions as those for the BaTiO 3 /Si p-n junction is also grown. The hysteresis loop in the BTO thin film on SRO/STO substrate is not observed, in which the SRO is metallic. 25 The temperature-dependent hysteresis loops of the BTO/Si heterostructure are shown in Fig. 7(b) . 10 The BTO/Si junction exhibits weaker ferroelectric response in lower temperature. It cannot be understood only by the ferroelectric property of BTO. Because the resistivity of BTO is increased with decreasing temperature, the BTO thin film is supposed to exhibit stronger ferroelectric response in lower temperature due to the decrease of leakage current. Thus, the interface may play an important role in this system.
In BTO/Si structure, there is a potential barrier at the interface due to the diffusion of carriers. And equal positive charges and negative charges appear in the n region and p region, respectively. The dipole moments at the interface can give rise to polarization enhancement in BTO/Si p-n junction. 26, 27 With increasing positive bias voltage, the positive polarization of BTO increases. Then, as the bias voltage decreases from V max , the polarization of BTO also decreases. As shown in Fig. 7(a) , the magnitude of polarization in the polarization process 0 to V max is smaller than its counterpart in the depolarization process V max to 0 due to the hysteresis effect of polarization versus applied voltage. Therefore, this interesting resistance switching property may be well explained in terms of the interface polarization.
In all, these interesting results suggest the possibility of a wide study on resistance switching devices based on oxide and Si p-n junctions.
Theoretical Descriptions
The mechanism of positive CMRs
A model was proposed to explain the physical origin of unusual positive CMR. Self-consistent calculation has been carried out. The calculated band structure and the schematic density of state of LSMO1/SNTO are plotted in Fig. 8 . Based on the above discussions, ∆I + (causing the positive MR) and ∆I − (causing the negative MR) can be simply expressed as Eqs. (1) and (2), where DOS I (E e 1 ↑ ), DOS II (E t↓ ) and DOS II (E e 2 ↑ ) denote the density of states (DOS) in the e 1 g ↑ band of region I, the t 2g ↓ band of region II and the e 2 g ↑ band of region II, respectively:
Figure 9 11 shows the variation of CMR values of the system with the negative bias voltage under various magnetic fields at three different temperatures. This model can successfully explain the physics in Fig. 9 from three different aspects. Firstly, under the same temperature and magnetic field, at a low reverse bias voltage, electrons in the e 1 g ↑ band of region I mainly tunnel into the t 2g ↓ band of region II, which leads to a positive MR. With the reverse bias voltage increased, the Fermi level in region II is lifted higher, making ∆I + larger. Eventually, when the reverse bias voltage reaches a point at which electrons tunneling from the e 1 g ↑ band of region I to the e 2 g ↑ band of region II cannot be neglected, the MR reaches peak value. Then, the total MR will decrease, if the bias continues to increase. However, the whole MR will not show negative MR, until ∆I − is bigger than ∆I + . Secondly, at the same temperature and reverse bias voltage, the MR will change with the magnetic field altered as follows. The spin polarization of the majority carriers in region I and the spin polarization of the minority carriers in region II, with the increase of the magnetic field, are both increased. Thus, less current can be carried from region I to region II due to the scattering between carriers of antiparallel spins. In other words, the resistance is larger in this structure. Thirdly, the temperature dependence of positive MR can also be understood well. With the increased temperature, the electron filling of the t 2g ↓ band of region II increases, as well as the positive MR in the system (190-255 K). However, after the filling of electrons in region II reaches the edge of the e 2 g ↑ band, the positive MR decreases (255-290 K). Furthermore, some numerical simulations have been carried out according to this model.
14,28-31 Thus, the model, which grasps the main physics in this system, has been further developed. 
The cluster percolation mode
Experimentally, the phase separation phenomenon, observed in many systems of manganites, [32] [33] [34] [35] has been considered as an intrinsic inhomogeneity. Moreover, it is found that the resistivity of thin film has a more abrupt character change near the metal-to-insulator transition (MIT), 36 compared with that of bulk material.
32,37-39
Some qualitative theoretical simulations have been performed to explain this strange and interesting phenomenon. 40, 41 A model was developed, 12 called the cluster percolation mode, to interpret the physical mechanism of this extraordinary abrupt change based on percolation model.
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The system, regarded as a two-dimensional (2D) N × N matrix, is composed of an FM metallic phase with resistance R M (T ) and a PM insulating phase with resistance R I (T ). A quantity f , defined as f = (the number of FM lattice sites)/(the total number of lattice sites), is in the form of a Fermi distribution-like function. To calculate R M (T ) and
are assumed, where ρ m0 is the residual resistivity at T ∼ 0 K, the T 2 term indicates the electron scattering with the coefficient ρ m1 , 43 the T 4.5 term denotes the magnon scattering involving the phonon scattering with the coefficient ρ m2 , 44 the coefficient ρ i0 is the high-T residual resistivity and E 0 is the activation energy. Using the Breadth First Traversal algorithm, 45 the path lengths of the metallic and insulating domains are found to calculate R M (T ) and R I (T ). Hence, the effective resistivity is gained.
In the standard percolation mode, the occupation of the square is random. It is applied into the simulation of T -dependent resistivity of La 0.9 Te 0.1 MnO 3 bulk, shown in Fig. 10 .
12 Choices of various parameters can be found in Ref. 12 . The excellent accordance between simulations and experiments proves that the standard percolation mode is fairly suitable for the simulation of bulk resistivity.
Simultaneously, the standard percolation mode is used in the simulation of ρ-T curves of La 0.9 Te 0.1 MnO 3 thin films, shown as a dashed line in Fig. 11 .
12 Details about parameters can be found in Ref. 12 . Obviously, the main abrupt change property in thin films is not simulated well. Therefore, some modifications must be done in the standard percolation mode for thin films. It is assumed that the square is correlated with the status of its neighbors. When T is increased, only those FM sites which have at least one PM neighbor can turn into PM squares, resulting in the growth of the PM domain. This kind of percolation mode is called the cluster percolation mode. So, it is easily concluded that the main difference between these two modes lies in the variation of domain size and domain number under the temperature evolution. With the temperature increased, the cluster percolation mode reveals a process in which the PM domain size increases but the domain number stays unchanged, while the standard percolation demonstrates a process in which the domain size is nearly unchanged but the domain number increases. The results in the cluster percolation mode are presented as a solid line in Fig. 11 . It is wonderfully identical to the experiment result. A similar simulation about La 2/3 Ca 1/3 MnO 3 thin films is also performed and the result shows that the cluster percolation mode indeed well explains the T -dependent resistance of thin films. More applications and researches about the cluster percolation can be found in Refs. 46-48. 
The mechanism of transport properties in perovskite oxide heterojunctions
Although the I-V curves in LSMO1/SNTO junction are shown in Fig. 1 , the details of the transport properties are not clear yet. Thus, the study on mechanisms is very necessary. Some studies on the mechanism of transport properties in LSMO1/SNTO junction have been reported.
Because the hole-doped LSMO1 is a multicorrelated ferromagnetic semiconductor, 5, 49 and the coulomb repulsion among electrons in the multicorrelated system is much weaker than that in the strong-correlated system, this provides the possibility to analyze the transport characteristics of multicorrelated devices by using conventional semiconductor band theory. Thus, the transport properties of the LSMO1/SNTO were analyzed based on self-consistent calculations of Poisson equation and the drift-diffusion formulation as Eq. (3):
The Richardson current is adopted at the interface in this system. When the reverse bias voltage is applied, interband Zener tunneling current is considered. In addition, it is proved that the trap assisted tunneling process, assisted by the oxygen vacancy induced states in the forbidden gap, 50 is rather important when the applied negative voltage is low. The trap assisted tunneling current J TAT can be represented as Eq. (4), where N (E) denotes the densities of states and F (E) describes the Fermi distribution function. N t presents the density of traps and σ t is the effective capture cross section. The values of N tσ t are taken as 0.15, 0.75 and 1.0 at T = 190, 255 and 290 K, respectively. The tunneling rates of this two-step process T 1 (E) and T 2 (E) are obtained with the method given in Refs. 51 and 52.
As shown in Fig. 12 , 13 the figures of theoretical calculation are consistent with the experimental results. In particular, this work is of great value in two areas: an effective method has been presented to simulate the transport process in this oxide system; oxygen vacancies can strongly affect transport properties. And especially, the trap energy levels induced by oxygen vacancies at the interface must be considered carefully.
In all, the drift-diffusion process is the dominant transport mechanism in oxide heterostructures with forward bias, and the interband Zener tunneling current plays an important role in the reversed transport process with high reverse bias. In addition to conventional semiconductor theory, the trap assisted tunneling process, induced by oxygen vacancies, is the main mechanism for the leakage current in the oxide junction at low reverse bias.
Conclusion
We have presented a brief review of recent achievements on perovskite oxide heterostructures. First, some interesting experimental results are shown in Sec. 2, such as large positive MR with high sensitivities, picoseconds ultrafast photoelectric effect, and resistance switching property in oxide heterostructures. Some results should be of great value for designing new devices based on oxide. Second, some theoretical considerations are reviewed. Some models for positive MR, the T -dependent resistivity in oxide thin film, and transport properties of oxide heterojunctions, are shown. We have found that the filling up of the minority carriers around the interface is the main origin for positive MR. And that the trap levels induced by the oxygen vacancies adjacent to the interface can greatly affect the transport properties. An extended percolation model is also developed to simulate the abrupt change of the T -dependent resistivity. In particular, effects of the interface should play a very important role in the heterostructures and multilayers of perovskite oxide.
